A lot has been written about the implications of RFID technology to supply chain management. In fact there was hardly a scientific or professional conference in logistics and supply chain management during 2003 and 2004 without a session on the topic. As depicted in Figure 1 , 1 the topic has also become prevalent in the general news and business media. The technology aims to replace the barcode system to track items as they move through supply chains. 2 Finkenzeller [2] provides a general overview of RFID technology while Sarma [3] describes the specific technology for supply chain management (see also McFarlane and Sheffi [4, 5] ). An RFID-based system generally comprises the following elements:
1. A unique standard identification number assigned to a particular item. 2. Low cost identity tag which is attached to the item. 3. Networked RFID readers and data processing systems. 4. Networked data bases that store the information and enable information exchange. 2 For the most part, the discussion of RFID in the context of supply chain management looks at passive RFID tags, which are excited by the reader. Unlike passive tags, much more powerful active RFID tags contain their own power source. They can be read over longer distances and can even communicate with the satellitebased global positioning system. The advantages of RFID systems over barcode systems include the following:
• Ability to have continuous information rather than at discrete points in time.
• Potentially more accurate than the bar code combination of humans and readers.
• Many tags can be read simultaneously into a computer, increasing the reading speed.
• The content of various conveyances (such as trailers, cases, pallets, shopping carts) can be read automatically without opening and sorting the content.
• More data can be stored on the tag, leading possibly to item-level information.
• RFID tags offer future possibilities for recording other data such as temperature exposure and location 3 RFID hardware is now very much in active development around the world. For example, Figure 2 depicts a glovebased reader, originally developed by Intel Inc. and then further developed at the MIT Center for Transportation and Logistics. [6] Despite the advantages offered by RFID-based systems, it is unclear to what extent they will replace barcodes, given the benefits offered by the existing barcode technology and its ubiquity. In addition, a number of challenges associated with the widespread adoption of RFID remain. These include the cost/benefit for some applications and interference issues for metallic products and liquids. Consequently, a number of supply chain professionals are not sure whether current RFID systems are destined to narrow "special applications" adoption or a technology that will fundamentally change supply chain management.
Path of Innovation
To take a historical perspective on the development of RFID and conjecture about the future of this technology, one can look at the path of other technological breakthroughs and try to deduce where RFID is in terms of its life cycle as an innovation. Not every innovation goes through all these stages. Furthermore, in most cases these stages are not followed in a clean chronological order. Instead, they are intermingled, sometimes skipped, and in many cases are difficult to identify. Yet, such somewhat anecdotal evidence may suggest where RFID is heading. The last section places the development of RFID in the context of the six steps above, trying to assess where we are today in the innovation cycle and what can be expected in the future.
The Fog of Innovation
At this stage the innovation is young. There may be numerous companies developing many variants of the future product; the technology is adopted at this stage by small market segments where it has a clear advantage or by "early adopters." Many established players do not understand the new technology and ignore it. 4 Other established players may 4 The following may illustrate the point: o A Western Union internal memo noted in 1876: "This 'telephone' has too many shortcomings to be seriously considered as a means of communication. The device is inherently of no value to us." o A Yale University management professor remarked "The concept is interesting and well-formed, but in order to earn better than a 'C,' the idea must be feasible," in response to Fred Smith's paper proposing reliable overnight delivery service.
try to discredit the technology and may attempt to erect legal and regulatory barriers to impede its progress. And indeed, the current new product or process may be too expensive and "buggy."
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When ice-making machines started replacing the process of harvesting ice blocks from ponds (mainly in New England), it was difficult for ice makers to break into the market for ice. 6 The reason was that the cost of harvesting ice in New England ponds in the middle of the 19 th century was quite low and the quality of the harvested ice was superior. (The harvested ice was clearer, since the mechanical process used to make ice caused air to be trapped in the ice blocks produced.) Thus, the machine-made ice took hold first in the South, where the cost of transported ice was very high, providing a natural segment for the machine-made product. Interestingly, this only seems to have expanded the market; in 1886 the ice harvest was the biggest ever [9] at 25 million tons, while the new technology continued spreading throughout the South.
Both the current system of automobile and modern roads is the result of many years of development. When the internal combustion engine was being developed in the middle of the 19 th century, horse- 5 A similar description of the first stage of disruptive technology is given by Beaumont in the context of mobile phone technology in general and 3G in particular [7] 6 The first modern ice-making machine, was patented in Britain by Perkins in 1834 (Jones [8] 7 His system included both a transmitter and a receiver. David Sarnoff, chairman of the Radio Corporation of America (RCA) 7 The patent was granted in 1930. Farnsworth was 24 at the time.
understood the potential of this invention and tried to buy him out, but Farnsworth insisted on a royalty arrangement. RCA, who was used to collecting royalties rather than paying for them [11] , tried to discredit the device and the inventor, and at the same time challenged Farnsworth's patent as infringing on work carried out at RCA.
In the early days the technology was either scoffed at or ignored. Ken Olsen, founder, chairman and CEO of Digital Equipment Corporation, quipped in 1977 "there is no reason anyone would want a computer in their home…" 8 IBM believed the concept to be insignificant and saw no reason to fight it. The company even decided that it could make some money manufacturing the new-fangled machines. Developing the operating system, however, was not worth its while (the system could be bought from a small company named Microsoft) and neither was developing the integrated circuit which was the electronic heart of the machine (which could be bought from Intel). 9 The other major supplier of personal computers, Apple, was hardly a threat to the incumbents. At the time Apple computers could process words in capital letters only, and no secretary would swap her slick IBM Selectric typewriter for one of these troublesome machines.
Thus, in the early days of these innovations the fledgling technologies were generally inferior to what was already available. As a result the established leaders either did not recognize the commercial potential of these new ideas, or fought to bury them if they perceived a genuine threat.
Life Support for Exiting Technologies
At this stage two processes take place: market incumbents perceive the threat and are trying to improve the old technology in order to increase its competitiveness, while at the same time adopting some aspects of the new technology to help them sell and develop the established products (thereby prolonging their lives).
As the ice making technology improved and took hold in Southern US, ice harvesters in the North found that they could harness it to make their industry more competitive. Using refrigeration technologies, they were able to move the harvested ice over long distances and increase their markets in the Far East and southern US. Thus, they were increasing their sales by using the technology that eventually replaced them.
In addition, the ice harvesters improved their processes by investing in new automation, thus cutting costs and increasing their competitive reach. These advances prolonged the existence of the ice harvesting industry by a few years.
While there do not seem to be cases in which engine technology was used to advance the cause of the horse and carriage, one of the main uses of early internal combustion engines was to help cyclists peddle their bikes. In fact, the Duryea Brothers, who were bicycle manufacturers, were the first manufacturers of gasoline powered engines 10 and are generally recognized as the first American automobile manufacturers. 11 Furthermore, while the automobile itself did not help the technology it replaced, many of the innovations that would make the automobile-and-highway system the dominant form of transportation were originally introduced to help its rivalthe horse-drawn carriage. Shock absorbers, rubber tires and roads with drainage systems, were all introduced long before the automobile, to serve the needs of the carriage business. 12 In response to the invention of the incandescent lighting (which was based on a filament of carbon heated by electricity), the gas industry adopted a technology developed by Austrian inventor Carl von Welsbach that involved hitting a metal oxide filament with a gas flame. The resulting gas mantle, first introduced in 1883, increased gas lighting efficiency fivefold. Ten years later, continuous improvements reduced the costs of gas lighting by two thirds [13] boosting sales for gas lighting at the end of the 19 th century, this invention did not prevent the ascendancy of electric lighting which finally took over at the beginning of the 20 th century. 13 Interestingly, one of the first uses of electrical energy was to help the technology it eventually replaced. In 1852 the City of Boston installed electric fire alarm boxes throughout the city; they were needed to mitigate the fire hazard presented by gas and candle lighting.
In 1923, David Sarnoff predicted, in an RCA board meeting, that some day each American household would be equipped with a television that "will make it possible for those at home to see as well as hear what is going on at the broadcast station." [14] . While television did not drive radio out of existence, it certainly replaced it as the main mode mass communications and entertainment. Sarnoff's comment demonstrates the thinking at the time, that television will basically help increase the appeal of radio broadcasting by allowing the audience to watch the broadcasters as they deliver.
Early PC technology was basically used as a terminal to connect with a mainframe computer. In fact 'terminal emulation' programs are still being built into operating systems today. Furthermore, companies like Digital Equipment Corporation used the technology which eventually fueled the modern PC to develop departmental computers (such as their venerable PDP 11), not realizing that they may be sowing the seeds for their own demise.
These examples demonstrate how old technology players responded initially to upstart competitors by improving their existing offerings or products. Some actually used the new technology to bolster their market positions and fend off the competitors that eventually usurped them.
The Stamp of Approval
In many cases, new technologies cannot break through until an established player decides to adopt the technology, thus giving it a "stamp of approval." This creates a marketing "buzz" and in many cases leads to the emergence of a dominant design or standard. Marketing executives refer to this as the "verification" of the new technology. In most cases it is a positive development for the new entrants even if a competitor adopts the technology since it helps convince potential customers of the need for the new product or service.
In the case of the automobile, the stamp of approval probably came from the government's push to build roads, thereby not only supporting the new automobile technology, but building an important component of the system. Well before the Interstate Highway System project, in the Model T days, the U.S. Congress and many state legislatures funded the building of roads under the slogan "get the farmers out of the mud." 14 14 For example, in 1920 the Minnesota constitution was changed to enable the funding of a system of paved trunk highways, plus helping the building of county and city roads. It Edison's reputation as an inventor and businessman was so well-entrenched in the public mind in the late 19 th century that the mere fact that the new innovation came from him ensured that his company was successful in selling electric lighting equipment to businesses and homes.
After fighting Farnsworth for a decade, RCA acquiesced and agreed to Farnsworth's royalties arrangement for the television technology. "The RCA attorney is said to have had tears in his eyes as he signed the contract." [14] RCA then started to push the technology, exhibiting it in the 1939 New York World's Fair. Importantly, in 1941 the US Federal Communications Commission established the standard of 525 lines per frame and 30 frames per second.
The entrance of IBM into the market for personal computers legitimized the new product for business users. The presence of Big Blue also brought competition for Apple and initially validated the new product category, helping the many PC manufacturers that sprung up in the early days of the industry to sell more products (even though many of these firms were later driven out of business).
Out with the Old
As the new technology becomes accepted, it replaces the old technology for many of the same applications.
Ice harvesting continued as a viable business until the beginning of the 20 th century, even though manufactured ice was to be funded by a gasoline tax and a vehicle registration fee. [15] was taking over. The old industry finally died when ice boxes at homes and businesses gave way to the electric refrigerator.
The most significant impetus to the wide adoption of the automobile was probably the development of the assembly line by Ford Motor Company. This innovation was launched in 1908, and by 1927 the price of a Model T dropped from $1,000 to $300 per unit, even as the product improved.
In 1881 Edison demonstrated his vision by lighting large parts of lower Manhattan from a central generating station. After that, incandescent lighting took hold in homes, stores and offices all over the world.
After World War II, television broadcasts of news started replacing radio news as the main source of news for American households. The price of television sets dropped dramatically and the quality improved with the addition of color and larger sets.
The spreadsheet by VisiCalc was the first major "killer-application" that caused many accountants to buy a computer. The machines became more and more popular as they became easier to use with the addition of graphical user interface and many more applications.
It's Everywhere and Beyond
The last stage in the innovation life cycle marks the replacement of the old technology by the new one. In many cases, the new technology then inspires new applications which were impossible with the old technology.
The wide adoption of refrigeration technology led to the development of the frozen food industry, by enabling a much wider variety of fresh foods to be traded and consumed out-of-season.
There were 204 million cars in the US in 2001, or almost two cars per household. [16] The automobile and highway system has changed travel and vacation patterns, leading to the development of roadside motels and drive-through restaurants Inexpensive and reliable lighting systems extended human activities into the night on a scale impossible with gas lighting. Examples include night sports, night construction activities, night driving, etc.
In 2001 there were 248 million television sets in the US, almost one per person and significantly more than one per household. It became the main source of entertainment for a growing part of the population, leading to "couch potatoes" and TV dinners.
The availability of easy-to-use applications played a key role in the widespread adoption of personal computers. These included word processing and spreadsheet programs, presentation packages and games. The expansion of the PC market also led to declining prices and accelerating market growth for these machines.
Structural Changes: The Big Bang
Many important technological innovations had their most dramatic impacts in ways that were never envisioned by the original inventors. In many cases these latent changes were orders of magnitude larger and more profound than the immediate impact.
The adoption of refrigeration meant that not only could food be stored and handled for longer periods without spoilage, but houses and workplaces could be cooled as well. The structural results of these changes were, for example (i) the industrialization of agriculture, by allowing out of season consumption and long distance shipments, making it easier to achieve economies of scale in production, and (ii) the development of the US South (as well as many other southern regions around the world), which would not have been possible without airconditioning.
The adoption of the automobile as the main mode of transportation led to the decline of urban centers as populations moved to the suburbs. In business, the flexibility and relatively low cost of truck transportation paved the way for new approaches to manufacturing, such as just-in-time. On a global level the spread of automobiles has raised air pollution levels and with it respitory diseases.
Modern lighting has encouraged the entry of other electrical appliances into the home, such as washing machines and televisions.
This has promoted important social changes, since household chores have become less onerous, releasing women to pursue roles outside of domestic work. It also brought the era of the television. Personal computers are responsible for the large increase in business productivity. The ease of using many PC applications (word processing, filing, presentations, etc.) meant not only an increase in productivity; office responsibilities changed, and with it the role of office workers. Performing work on a PC has led to the rise in knowledge workers and, with it, new forms of eneterprise organizations. Such organizations rely on the ability of kowledge workers to have access to information everywhere, perform the work anywhere, and communicate with their colleagues from anyplace. It also enabled the use of the World Wide Web, on line shopping, e-mail and instant messaging communications.
RFID Innovation
At this early stage of RFID innovation, it is very difficult to assess the significance of the technology. In fact, many consulting firms are advising their clients to wait rather than jump on the RFID bandwagon. This section focuses on RFID technology for supply chain management, trying to evaluate where it is in the innovation cycle in light of the examples analyzed above.
The Fog of Innovation
In the first stage of an innovation there may be several competing standards, multiple enterprises jostling for market position, and substantial doubt about the value of the new technology. Clearly, many see RFID as still in this stage. Proponents of bar codes argue that RFID does not provide significant incremental benefits, and on this basis it is difficult to justify investments in the new technology. There are still several standards competing in different regions of the world, the costs of RFID are still higher than the five cents per tag that many in the industry consider the threshold for wide-spread adoption, and there are still some technical challenges to overcome, such as interference issues when reading through metals and liquids.
In addition, the technology has raised fears of privacy intrusion, slowing down the adoption of the RFID at Benetton and others. 15 Such privacy concerns are, by and large, stemming from lack of understanding of the technology, yet it caused some retail chains to investigate "kill tag" devices at their checkout counters, as well as to focus their efforts on upstream supply chain activities.
Life Support for Existing Technologies
As the debate goes on, certain forms of automatic identification (much more powerful than RFID tags, it should be noted) are being used to enhance the value of the information collected with barcodes. For example, conveyances such as trucks are being traced using satellite-based GPS systems, while (mostly active) RFID-based readers are used to locate containers, trailers and rail cars in ports and yards. The conveyance location information is then correlated with details of the goods being carried (collected using barcodes) to complete the tracking picture.
Stamp of Approval
In However, some supporters of the technology have had to make some adjustments as their ambitious plans clashed with the reality of unstable technology and untested processes. For instance, Wal-Mart retreated from its aggressive development schedule, delaying the implementation of RFID in some pharmaceutical products which should have preceded the January 2005 implementation. The giant retailer also reduced the scope of the January 2005 top 100 suppliers' implementation, deciding instead to limit the roll-out to its Texas distribution centers.
Still, Wal-Mart's announcement has ensured that RFID technology will figure largely in the future of supply chain management, notwithstanding premature announcements on its readiness for system-wide implementation and certain technological shortcomings.
Out with the Old
As RFID gradually replaces bar codes, it will appear first in applications where the benefits justify the costs. These include the following. 
It's Everywhere
Widespread implementation is likely to take until the end of the decade. And even at that point, it is unlikely that a complete item-level RFID code will be available on every product. 
Structural Changes
At this point, while the technology is still nascent, it is difficult to imagine the structural changes that might unfold. By definition, these changes are not part of the current vision. Some will come into being because RFID will provide some unknown value in conjunction with others, yet-to-be invented technologies.
(E-mail, for example, required both personal computers and the Internet).
On its own, one can think about RFID providing quantum leaps in the design of inventory management methods. Existing warehouses are geared for human 'put away' and pick up operations. For example, most modern warehouses use "pick to light" techniques for directing the pickers to the right bin. With RFID systems, put away locations can be determined by new, optimized trade-offs using criteria such as the efficiency of put away and picking operations, minimizing space requirements, or a combination of these criteria. Under any of these scenarios, the typical warehouse design will change drastically. No longer will items need to be stored in specific locations, so to the naked eye the warehouses will appear chaotic. However, to the electronic eye these facilities will appear wellorganized and efficiently run.
Experiments at Cambridge University show the potential of re-designing manufacturing operations [4] . In the lab, robots can read the content of partlyassembled product recipes, and change them quickly and efficiently, responding to changing requirements with little or no set-up times, thus allowing for more efficient mass customization.
Future retail operations could also change substantially. Continuous shelf inventory checking and more frequent replenishments mean that shelf space for each item can be reduced considerably, while increasing the level of service and avoiding out-of-stock situations. The result may be smaller supermarkets and other retail outlets while the number of SKUs offered remains constant. Thus, the trend towards suburban large malls may be reversed by offering all the variety of suburban supermarkets in a corner store.
Possible future interactions between personal readers (built into personal digital assistants or mobile phones) and the items in a retail location may change the way shoppers interact with retail outlets.
In these futuristic stores, shoppers actually may not need to see items before purchasing them. * * * As of this writing, in the middle of 2004, we are still somewhere between the first stage and the third stage of the innovation cycle of RFID. It is still not out of the Fog of innovation: the benefits of the technology are not entirely clear, especially in terms of its advantages over bar code technology. RFID does not have an assigned frequency and it interferes with some existing UHF frequencies (such as the wireless 802.11b).
New communications technologies often run into standards issues and RFID is no exception, with different regions of the world using different standards. In addition, there are still questions of security, privacy and a lack of protocol for information sharing. None of these challenges seem insurmountable but they are indicative of a technology in its infancy.
Despite these hurdles Wal-Mart and most other large retailers, as well as many other organizations, including the US Department of Defense expressed their support for RFID and are going ahead with implementation plans.
Beyond Supply Chains
While it seems that RFID systems will eventually replace the barcode as the main tool for tracking products and managing inventory, the most intriguing possibilities lie in the structural changes which the technology may bring, possibly in combination with other emerging technologies. Some of the relevant related technologies include ZigBee and WiMax [18] . ZigBee is a technology that coordinates communications among thousands of tiny sensors. These sensors can detect and transmit information about heat, moisture, particle content, forces exerted and other environmental variables from one to another and finally to a computer. WiMax is a more potent version of WiFi -it can transmit digital information at an order of magnitude faster than WiFi over distances of 25 -30 miles instead of the 100 feet or so of WiFi -thus creating "city-size" "hot spots." Like RFID these technologies work in the radio spectrum, which is free, thus promising low-cost information movement.
One of the aspects common to all the cases mentioned in this paper is that the Big Bang -the move from invention to innovation, took place when consumers adopted the technology in large numbers.
RFID, in combination with the technologies mentioned in this section, as well as and other technologies, still in the laboratory, may transform the way humans experience the world. They may lead to a sixth "digital sense" of the human environment and all the innate objects in it. Thus, one may not have to see, hear, smell, feel or taste the presence of some items, but rather sense digitally their location and condition. Such sensing may be subject to the owner's permission, creating a new social etiquette and a new way in which we all interact with each other and our environment.
